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1. Neutron-inducedreaction
2. Heavy loninducedreaction
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Requirements

REQUIREMENTS

NEUTRON-INDUCED CROSSSECTIONMEASUREMENTS

PSchillebeeckt al., NIM4&13 (2010) 378385

U Fuel cycle, criticality safety studies of spent fuel storages and transportation: total and capture
crosssections requested with amncertainty less 2%

U Thorium-Uranium fuel cycle: neutreimduced capture crossection of?32Th with anuncertainty
better than 2%

U Astrophysics: Crossection of key isotopes for-process determined withincertainties of about
1%

U Standards database requested by the IAEA: esesfion data withuncertainties below 1%
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Requirements

NEUTRON-INDUCED CROSSECTION MEASUREMENTS
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Requirements

REQUIREMENTS

FUSIONEVAPORATION REACTIONS

Thickness & homogeneity ionsKinematics
A Optimal tuning of the spectrometer :
transmission of desired residues
and control of unwanted particles
A Accuracy (< 5%)

N beam

dwngweag

Spectrometer
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Requirements

REQUIREMENTS

s (cn)

Successful experiment
= Accurate measurements + low background + safe conditions
A Need of high quality targets with  known properties at any time

U Arealdensity

out U Homogeneity== spatialdistribution (to be verifiedexperimentally,ensure
that all detectedneutrons havdraversedthe samepathlenghtin the target
(no hole) for a correctinterpretationof capture and transmission cress
section inresonanceegions
U Quantification& identification ofcontaminants ananpurities uncertainty
dependson their impact on themeasurement

u Effective area

D.Sapundjiest al. Nucl Instr. Meth. A 686 (2012)851 o0 Pr epar ati on and
CH. STODEL, GANIL INTDS 2018 EAST LANSING film nucl ear targets for neutron physsd cal
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Actinide targets characterization

CHARACTERIZATIONOF ACTINIDETARGETS

Techniques Properties
Low geometrya-particle (LGA)
Radiographitmaging (RI) Thickness& homogeneity

ThermallonizationMassSpectroscopy TIMS)
Neutron ActivationAnalysigNAA)
PhotoElectronSpectroscopyXPS)
EnergyDispersive XRaySpectroscopyEDS
ParticlelnducedX-ray Emission (PIXE)
RutherfordBackScatteringRBS)

Chemical identification

Isotopicabundances

O~NOORLDNE

(AFM- Surfaceoughnessstructure)
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Actinide targets characterization

Low Geometry a-Particle (LGA method): Activity measurements

IRMM/JR@ Geel

Detector Detector
2 20mm @ 17mm
ZO[m 1.6m
Actinide
target Actinide
target
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Actinide targets characterization

Low Geometry a-Particle (LGA method): Activity measurements

SPommgMetrologi® 2 S73 0The uncertainty of

counting at a defl ngs8uniptionsSotopicemission of particles,
. moving undisturbed along a straight line and

p
counted when they hit the detector :
_______________ y Homogeneity
Sources of uncertainty:
thread ,."f diaphragm 1 SOUfCGdEteCtOF geometry | ”_&. _fl,-f 1
of 2. Solidangle calculation “EY =
a ; bafTle 3. Energy loss & self absorptign. 1 ¢'
3 | 4. Scattering O m g
5. Detection efficiency = - \\/
- ety source q—— ——;j
I. R ! hambe
h — Uncertaintieg mim ¢ BQQ Q| boo aQ
E;gr;lgz :L:m:i.:'hematjr representation of characteristic geometrical Fig. 3 Schematic representation of the homogencity measurements

peometry. An extm diaphmgm is placed above the sample scanming
the spatial resolution of the mdioactive source
See also D.M. Gilliam efRladioanaNucl Chem. 299 (2014)
1061-1 065 ol mprovements in the characterization of

CH. STODEL, GANIL: INTDS 2018 EAST LANSING targets by IOW Sedjdn g | e count i n g C’) 9



Actinide targets characterization

Low Geometry a-Particle (LGA method): Activity measurements

G. Sibbenst al,J RadioanaNucl Chem299 (2014) 1093-1089 ‘@ %
0 Pr e p &fr?8Pu and #?Pu targetsto improvecrossection o 1 O
measurementer advancedeactorandfuelc y c | e s 6 9 - 7
(15 & 240 pg/cm?) T "¢'Y n]¢- 0)
Dead time < 5Sus O — B:Intrinsic specificactivity of the sample
Background count rate < 0,003ps mg- deducedusing« ThermallonizationMass
e =100% : Spectrometry» TIMS fext slide)
W = 0,0007 % 4 sr & IME I N P
20 spectraof 500 s or 7000s ] (‘ .
§ i Jd Heyse et al, J Radioanal Nucl Chem
() n o, S 10°+ st d (2014)299:105510590 Ch ar a ¢ ofedfUifa a
—= ' 6 0509 % 5 [ the developmenbf a secondaryneutron fluence
5 0] : standar doé
: ‘ o0(0) . .
B T i o it b
R .. . S a4’
Fig. 3 Alpha-particle spectrum of a 2*?Pu target measured with the e cvdada uvb

IRMM LG3 counter

CH. STODEL, GANIL= INTDS 2018- EAST LANSING 10



Actinide targets characterization

RADIOGRAPHICIMAGING :HOMOGENEITY& THICKNESSF THE

TARGETLAYERDEPOSIT

D.Liebeet alNucl Instr. Meth. A590 (2008) 1455 OThe@pplication of neutron activation analysis, scanglegiron
microscope and radiographic imaging for the characterizatbelectrochemicallgleposited layers of lanthanide and

actinide elements

Production of . . Imaging plate
@ 244py) target Crystallites, sizes of 25 or 50 ym reading process
(depending on the IP), into a stable luminescence light A arbitrary unit
Photo Simulated Luminescence (Ppa

exited state by radiation.

radiation

650 nm
LASER DETECTOR I

Imaging plate
exposure to

aCtI_Ve t arge t ( a 6 h ) Courtesy of Eberhardt
Radioactive targets or targets
with active tracers
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Actinide targets characterization

RADIOGRAPHICIMAGING :HOMOGENEITY& THICKNESSF THE

TARGETLAYERDEPOSIT

Targets for %4°Pu(n,f)-measurements at n-ELBE (FZDR). Backing: Si-
wafer, sputtered with thin Ti-layer. In total: 37 mg 2*?Pu for 8 targets

1
=
@
=
[}
Q
b
_ ©
(lateral resolution < 200 e m) )
D.Liebeet al Nucl Instr. Meth. A590 (2008) 1455 O’heo O
application of neutron activation analysis, scanelaegtron
microscopeand radiographic imaging for the characterizatio 0
of electrochemicallgeposited layers of lanthanide and

actinide elements

242 2
238 depositd resolution of 42 pm Pu /110 pg/cm
G.Sibbenst al, AIP Conf. Proc. 1962, 03aD07
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Actinide targets characterization

RADIOGRAPHICIMAGING :HOMOGENEITY& THICKNESSOF THE

TARGETLAYERDEPOSIT

(lateral resolution <200 em)

D.Liebeet al Nucl Instr. Meth. A590 (2008) 1455 0Theo
application of neutron activation analysis, scaneiagtron
microscopeand radiographic imaging for the characterization
of electrochemicallgleposited layers of lanthanide and
actinide elements

CH. STODEL, GANIL= INTDS 2018- EAST LANSING

Comparisons to the measured values of a
microbalance with a reference sample

Table 1
Thicknesses of the UFs-targets by microbalance at GS1and the FLA 7000
system
Target Thickness Thickness Deviation
0. determined by FLA determined by (%)
TOOO (pg/cm™) microbal ance®
5D +3.2%"° (pg/cm®)
1 “Standard” 38 0.0
2 iTe 3n 0.2
3 360 ind 1.0
4 363 K{ik) L3
3 363 38l 46
] 365 372 1.9

*Standard deviation for 6h exposure, sensitivity 107, pixel size 25pum,
dvnamic range 107, pixel depth 16bit.

EMettler Toledo XP 205, measuring accuracy: 0.01 mgin the rangs from
0 to 50 mg.

Courtesy of Eberhardt
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Actinide targets characterization

THERMALONIZATION MASSSPECTROMETRMIMS) 1ISOTOPIC

ABUNDANCES

S Richteret al, Int J of MassSpectrometr®29 (2003) 181-197 0 | mp rntechniquésf highaccuracysotopeaatio
measurementd nucleamaterialsisinghermalonizatioomasss pect r omet r y 0O

Elutedfraction of active solutiomvaporateddissolvedanddepositedon a filament

-

Fig. 2 Deposition of a drop of 1 ul. solation cont@nmg abowt S0 ng
Pu on the Shemum filament

G. Sibben®t al, J RadioanaNucl Chem T
299 (2014) 109310989
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Actinide targets characterization

NEUTRON ACTIVATIONANALYSIS DEPOSITIONIELD& AVERAGE

THICKNESSOF THEDEPOSITEIMATERIAL

PRobouchkt alNucl Instr. Meth. A 480 (2002) 128
132 oTarget preparation

Gamma spectrometry measurements of
samples irradiated with neutrons in a nuclear
reactor:
o ¢h 0
Comparison of unknown sample () and a
known standardo )
elemental m:& & o0 fo
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and
a successful story at | RMMOG I

D.Liebeet alNucl Instr. Meth. A590 (2008) 1455 T’hed@pplication of

neutron activation analysis, scanrmf@ctron mlcroscopeand radlographlc

245Am

2.05h 320d
b 0.9 b 0.1
g253 g327, 308
244py

8x10" a
a 4.589; 4.546

b-0.9;1.2
g327; 560; 308

b-0.9
9634, 560, 369

a 5.078, 5.035
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Actinide targets characterization

NEUTRON ACTIVATIONANALYSIS DEPOSITIONIELD& AVERAGE

THICKNESSOF THEDEPOSITEIMATERIAL

Counts

D.Liebeet alNucl Instr. Meth. A590 (2008) 1455 OThe@pplication of neutron activation analysis, scanglegiron
microscope and radiographic imaging for the characterizatibelectrochemicallgleposited layers of lanthanide and

actinide elements

16000 245Am
2.05h
14000 - b-0.9
g253
12000 | 327 keV 244P 245P !
u
10000 - 8x107 a memli 10.5H
a 4.589; 4.546 b-0.9;1.2
g327; 560; 308
8000 - |
308 keV
"0 Simultaneous determination of up to3® elements with
253 keV @ . — . ..
e\‘ low detection limit (lanthanide and actinide €,Q ppb)
2000 4 200 kev ~~ . . . . . . .
| J oo Time consumindirradiation +coolingtime)
0 . : J ' A e l“‘" : l P |
Energy [keV] .
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Actinide targets characterization

X-RAY PHOTO ELECTRONSPECTROSCOPXPS)IMPURITIES

Peakshapeandintensityof the photoelectronpeaksdetermines: X-ray photoelectron spectroscopy
Elementaldentity o Source
Chemical state che
Quantity \ L.G:?e(ecwt .

huv %
g X s €
N\ /e

'\
10 ney

Solvent + Cracking products + some Pd (anode)

Targetmaterial (as oxide)

XPSanalysi®eforeandafter sputteringwith ions (Ar)
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Actinide targets characterization

Photoelectronspectroscopy (XPS) of targets produced by MP

I (arb. units)

140x10°

10 min sputtering

3
NG 20410° 7 2893 eV Cls
285.0eV I
120 — 982.6 eV (3ds,) 1005.1 eV (3d;,)
! 1
|
; 2 : 18 —
100 — 0 min sputtering |
80 — ‘g
= 16 | |
= 0 min sputtering
<

60 —

10 min sputtering

I
|
|
: 14 -
20 min sputtering
40 — !
|
: | 20 min sputtering
20 H | 12 - |
! [
| | | | | T T T T
970 980 990 1000 1010 280 285 290 295
Binding energy (eV) Binding Energy (eV)
ANd 3d signal: grows after Ar* sputtering
AC 1s signal:

285.0 eV is aliphatic ¢ a r b o remowed after sputtering: physisorbed
289.3 eV is C(O)OR or COOM group Y not removed after sputtering: chemisorbed

AVascomet alNucl Instr. Meth.A 714 (2013) 1637 5 0 S mofed thArgetsr a ¢ k
for nuclear applications produced by

mo |

ecul



ENERGYDISPERSIVE-RAY SPECTROMETREDS)CHEMICAL

COMPOSITION

D.Liebeet alNucl Instr. Meth. A590 (2008) 1455 Thed@pplication of neutron activation analysis, scaneliiciron
microscope and radiographic imaging for the characterizatbelectrochemicallgleposited layers of lanthanide and
actinide elements

Summenspektrum)

e X-ray

¢

Fig. 3. EDX spectrum of U on a Ti backing.
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Actinide targets characterization

PARTICLENDUCED X-RAY EMISSION (PIXEMPURITIES

M.Jaskolat al Nucl Instr. Meth. A590 (2008) 1168 Estimation of the impurity levels in polyimide foils and thetiifee of the foils
irradiated by charged partidle ( pr ot o f80ny, 5 Me V 1tgrget
Collimators

/ L |
LI B S N i3
Protonbeam | . | 3 Ill |

Faraday cup

— _?_ L
RBS detector :\

Si(Li) detector

Fig. 1. Expenmental set-up for PIXE and RBS measurements.
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Actinide targets characterization

PIXE TECHNIQUBMPURITIES

G.Sibbenst alNucl Instr. Meth. A655 (2011)-%72

Impuritiesa ngcm?
For foils of 2030 pg/cm?2

OQuality of polyimide oils for
1400 o P A
7 J — standard in air (foil #17)
1200 i ‘ ------------- standard in air (foil #20)
; ——  standard in argon (foil #15)
I fast in air (foil #12)
1000 — :‘. — [lastinargon (foil #16)
L 800
E 4
600
400 —
200

Energy (keV)

noc.l

Fig. 5. PIXE energy spectra of the impurities in the samples of the different prepared polyimide foils irradiated by 1.0 MeV protons.
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Actinide targets characterization

RUTHERFORDBACKSCATTERINGRBS)IMPURITYCONCENTRATION,

THICKNESS

C.OBacriet al JRadioanaNucl Chem. 299 (2014)

10991 105 OCACAOQO ftaregtdti t vy : radTVQve

Orsag “He 2,4MeV)

Fig. 1 **U reference target. The cross is used as a reference for
position measurements. Little spots are positions where RBS
measurements have been done. The points labeled with number 7
and 2 are discussed in the text paragraph “RBS, autoradiography and
thickness measurements”™ and in Fig. 4
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ﬂ ;%

Counts |a.u.}

' U peak
\ |
H

* O peak ;

' 1 H |
. Al backing e f :
i L

00 400 60D EB0O0 1000 1200 1400 1600 18500 2000 2300 2400

Frergy (Kel)

Fig. 3 RBS spectra measured with a 2.4 MeV *He beam at 165°.
a Reference Bi target, b “*1 target

Table 2 U content at two different points on the reference target and
obtained by two different techniques: RBS and «-particle counting

Used technigue Point 1 Point 2
RES 830 « 10 atem? 1,112 = 10" atfem®
o counting 933 » 10" atlem® 1,200 x 10" atfom’

Labels of the points refers to those of Fig. 1
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MONITORING OFTARGETS

1.
2.
3.
4.
.
6.
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Hectron attenuationmethod
Tuningon a emission
TemperatureMonitoring

a energyloss

Scatteredbeanitarget
(Performancdifetime C,UCx cases)



ELECTRONS ATTENUATION

Principle: measuring attenuation of electron current using angular scattering and absorption
R. Mann (patent DE 10242962 Al -GSI)

target wheel —
Trigger/turn
o, ion beam . M

collimator magn. lens | Faraday-cup

— \‘ - é : —
€-gun magn. déflector i

reference grid | \ ,

AdjustemengensitivitfE,), ) division

resolutioO0.4mm, 1%s)
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ELECTRONS ATTENUATION

S. Hofmann et al, Eur. fay$Cm4rdlleA (2012) 48: 12 o0The reaction
studied atthe GSIHI P ¢

R. Mann et al, GSIi nRee ptoarrtg e2t0 Oc4o npt
'_
- ™1
0 - re——— 115 mm — ]
frame ITi-foil Cm-layer on Ti-foil . t
36 mm x 8 mm B . @
Eﬂé 4 spot E
~ 0,35 mm -
Accuraci 2%
vy e 1 4.8 AMeV Cr" 2 hirradiation R = -3mm
b T . " H i & ' 8 ' 10 . : . . . T . T T T
. Time /ms Q 2 4 G B 10
sz timie f ms
Figure 4

Figure 2 displays the time dependent electron current

penetrating one sector of a 4"3'{] ug/em” PbS target with a Figure 4 indicates a rapid increase of transparency for the
¢ . . . carl:u:unﬂ backmg_ of 40 pglem” and a carbon cover of I_ﬂ electron beam after only 2 hours irradiation of a BiF; target
w On-llne Monltorlng Hg/em™. The width of the spokes of the wheel (~4mm) is  with a *Cr beam. The BiF; compound transformed to a fine

resolved and a material deposition (spot) is detected with an  grapular structure as noticed from scanning electron

extension of 0.35 mm in the direction of rotation and at microscopy.
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ELECTRON&TTENUATION

before 2.4x10.s part 2.8x10:s part
Irradiation
.......... 78K 5 RTINS, =
i} —p =1
electronbeam CFe
4: 3.7%101s 4.1%x10: 4.4x10:6 part
part part

JKallunkathariyt al, AIP Conf. Proc. 1962, 03aD29
(2008) 0S3 target monitoring with an electron guno

Time evolution of Bi
target with beam
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